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Abstract
The chemokine receptor CXCR3, which was shown to take part in many inflammatory processes, is considered as a Th1
specific marker. Here, we show in a mouse model that CXCR3 expressing CD4
+ cells preferentially migrate to the peritoneal
cavity under steady-state conditions. The peritoneal cavity milieu leads to an up-regulated expression of CXCR3. However,
blocking of known ligands of this chemokine receptor did not alter the preferential migration. The peritoneal cavity
environment also results in an increased percentage of memory cells producing cytokines. Up-regulation of IFNc production
occurs mostly in CXCR3
+ cells considered as Th1, whereas the up-regulation of IL-4 affects mostly in CXCR3
2 cells which are
considered as Th2. We conclude that the peritoneal cavity does not change the Th-lineage of the cells, but that domination
of this anatomic niche by Th1 cells rather results from preferential migration to this compartment.
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Introduction
The T-helper (Th) bias of the lymphocytes is known to be
crucial for the outcome of immune responses against infection, as
it has been shown in the Leishmania major system, where the
cytokine profile is the most important determinant of successful
clearance of the pathogen [1]. There are many factors influencing
the shape of the Th immune response and the cytokine profile of
stimulated CD4
+ T cells [2,3]. In this context, INFc, IL-4 and IL-
17 are considered as a signature cytokines for Th1, Th2 and Th17
cells, respectively. However, recent data suggest that there is a
considerable plasticity of Th cells in respect to their capacity to
produce cytokines [4,5,6].
T cells properties vary considerably among different anatomical
compartments. Interestingly, recent data suggest that the tissue
microenvironment influences the gene expression profile of
immune cells, independently of the variables associated with the
specific priming in lymphoid organs. It has been shown that the
lung environment in the absence of cognate Ag alters the
expression level of activation markers like CD69 and CD127
[7]. There is also a report about a special CD8
+ memory cell pool
from the gut epithelium, resembling neither central nor effector
memory cells [8]. The unique phenotype of these cells arises in situ
within the gut, and is modified upon changes in location. The
tissue microenvironment can also influence the TLR expression
pattern by CD11c
+ cells [9]. The transcriptional profiles [10],
expression levels of surface molecules and homing phenotype of
B1 cells is also changed in the peritoneal cavity (PerC) [11].
The Th subsets differ not only by cytokine production patterns,
but also in the expression of homing molecules, such as the
chemokine receptors. IFNc producing Th1 cells, which are mainly
involved in immune responses against intracellular pathogens, are
characterized by the expression of CXCR3 and CCR5. Th2 cells,
which secrete IL-4, IL-5 and IL-13 and take part in immune
responses against extracellular bacteria and parasites, express on
their surface CCR4 [12]. The IL-17-producing Th17 lineage,
which was reported to be involved in the defense against certain
bacterial pathogens and fungi [13,14], is characterized by the
expression of CCR6 [14]. However, the association of a
chemokine receptor with a Th lineage is not strict. Th1 and
Th2 cells can also express chemokine receptors that are
characteristic for the other subsets, although certain combinations
of chemokine receptors are markedly enriched in these cell
populations and define specific Th subsets [15]. In vitro functional
studies showed that both Th1 and Th 2 cells can migrate towards
CXCL9 (CXCR3 ligand) and CCL17 (CCR4 ligand), but the
migration of Th1 towards CXCL9 and Th2 towards CCL17 is
more efficient [16]. Requirement for IFNc and STAT1, the
signaling molecule involved in Th1 differentiation, for induction of
CXCR3, and IL-12 and STAT4 for CCR5 expression indicate the
association of these chemokine receptors with Th1 immune
response [17,18].
CXCR3 belongs to the group of inflammatory cytokine
receptors. Beside Th1 cells, it is expressed on subsets of B cells
secreting IgG antibodies [12,19]. Involvement of CXCR3 in
CD4
+ lymphocytes migration was shown in numerous patholog-
ical conditions. CXCR3 and its ligands participate in immune
response against Bordetella bronchiseptica [20]. It has also a non
redundant role in T cell migration to dermal inflammation sites
[21]. The blockage of CXCR3 receptor ligands reduces leukocyte
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syndrome [22], and diminishes recruitment of Th1 cells to the
inflamed peritoneum [23].
In this study we are showing that there are different factors
which may influence the Th-composition of a particular territory.
Our results demonstrate that Th1 cells preferentially migrate to
PerC and that this territory is dominated by Th1 cells. Moreover,
the PerC environment increases the expression levels of different
cytokines, including IFNc.
Materials and Methods
Mice
BALB/c and C57BL/6 mice were purchased from Harlan
(Borchen, Germany) and were used at the age 8 to 16 weeks. All
animal experiments have been performed in accordance with
institutional guidelines and have been approved by the local
government of lower Saxony (animal permission 33.11.42502-04-
104/07).
Antibodies
The following antibodies have been used: anti-CD4-FITC, anti-
CD4-PE, anti-CD4-PerCP, anti-CD4-APC-Cy7 and anti-IFNc-
PE from BD Bioscience; anti-IL-4-PE-Cy7, anti-IL-17-APC and
anti-IFNc-APC from eBioscience; anti-CXCR3-PE and anti-
CXCR3-APC from R&D Systems.
Cell isolation
In all the experiments mice were euthanized by CO2 inhalation.
Lymphoid organs were dissected and single-cell suspensions were
obtained by mincing organs through a 100 mm nylon mesh. For
isolation of lymphocytes from lungs, mice were first perfused with
20 ml of PBS by heart puncture and tissues were then
mechanically disrupted. Erythrocytes were lyzed where necessary
by using the ACK buffer. For isolation of peritoneal cells, the PerC
was flushed with 10 ml of PBS.
Flow cytometry and cell sorting
Cells were stained with the antibodies and data acquisition was
performed using a FACSCanto (BD Biosciences). Data were
analyzed using FACSDiva (BD Bioscience) or FlowJo (Tree Star,
Ashland, OR). Cells were sorted on a MOFlo (Dako Cytomation)
or FACSAria (BD Bioscience). In some experiments, before sorting
CD4
+ T cells were isolated using the CD4
+ T Cell Isolation Kit
(Miltenyi Biotec), according to the manufacturer’s protocol.
Adoptive transfer experiments
For competitive adoptive transfer experiments CD4
+ CXCR3
+
and CD4
+ CXCR3
2 or CD4
+ CXCR3
+ CD62L
low CD44
high and
CD4
+ CXCR3
2 CD62L
low CD44
high cells were obtained by
sorting cells isolated from spleens (Sp) or PerC of naı ¨ve BALB/c or
C57BL/6 mice. Cells were stained with 1 mM CFSE in PBS for
5 min or with 10 mM CMTMR in PBS for 15 min (Molecular
Probes). The reactions were stopped by adding equal volumes of
pre-warmed FCS and further incubated for 5 min. Cells were
washed in medium and re-suspended in PBS. Different popula-
tions of cells were mixed in a 1:1 ratio and injected in the tail vein
of naı ¨ve recipient animals. The composition of the cell suspensions
was controlled by FACS and any inequality in cells proportions
were complied in calculations. To exclude the possibility that
observed differences in cell migration were due to unspecific effects
resulting from the fluorescent staining procedure, different
combinations of CFSE- and CMTMR-labeled cells were used.
The animals were sacrificed after 18 h and the numbers of
transferred cells were determined in different lymphoid and non-
lymphoid organs by flow cytometry.
For adoptive transfer experiments splenocytes or sorted CD4
+
CXCR3
+ CD62L
low CD44
high,C D 4
+ CXCR3
2 CD62L
low
CD44
high and CD4
+ CXCR3
2 CD62L
high CD44
low cells were
stained with 1 mM CFSE in PBS for 5 min. The reactions were
stopped by adding equal volumes of pre-warmed FCS and further
incubated for 5 min. Cells were then washed in medium and re-
suspended in PBS. Cell suspensions were injected i.v. or intraper-
itonealy (i.p.) to recipient animals. After 24 or 36 h cells were
re-isolated from the Sp or PerC of the animals. Re-stained cells were
analyzed for the expression level of CXCR3 by flow cytometry.
Cytokine neutralization
For cytokine neutralization studies mice received 40 mg of anti-
CXCL9, 100 mg of anti-CXCL10 and 100 mg of anti-CXCL11
(RnD Systems) by i.v. route 4 h before adoptive transfer. The
control animals received appropriate amounts of isotype control
antibodies.
Cytokine assessment
Sorted cells were incubated in RPMI medium supplemented
with 10% FCS, 100 units/ml of penicillin-streptomycin, 2 mM L-
glutamine (Gibco), 1 mg/ml ionomycin and 0.01 mg/ml PMA
(Sigma) for 24 h. Supernatants were collected and stored in 270.
Cytokines were evaluated by ELISA (eBioscience), according to
manufacturer’s protocol.
Intracellular cytokine staining
Cells were incubated in RPMI medium supplemented with 10%
FCS 100 units/ml of penicillin-streptomycin, 2 mM L-glutamine
(Gibco) in the presence of 1 mg/ml ionomycin and 0.01 mg/ml
PMA (Sigma) for 4 h. For the last 2 h of culture Brefeldin A
(Sigma) was added to the final concentration of 5 mg/ml. After
washing, cells were stained with antibodies against surface markers
and fixed for 20 min in 2% PFA. For intracellular cytokine
staining cells were incubated on ice for 30 min in permeabilization
buffer (0.5% saponin and 0.5% BSA in PBS). After washing, cells
were stained with antibodies in permeabilization buffer for further
30 min. After 2 additional washing steps in permeabilization
buffer and one in PBS, cells were analyzed by flow cytometry.
Statistical analysis
Statistical analysis was performed using unpaired t test. Values
of p,0.05 were considered significant.
Results
The percentage of CXCR3
+ CD4
+ cells is higher in PerC
than in other organs
We first investigated the proportion of CXCR3
+ CD4
+ cells in
different organs. Cells isolated from BALB/c animals were stained
to analyze the expression of CXCR3 by FACS. The results
showed that the proportion of CXCR3
+ cells among CD4
+ cells is
significantly higher in PerC than in any other organ tested
(Figure 1A). The data obtained from over 100 animals showed that
the average percentage in PerC is 45% in comparison to 7% in the
Sp (Figure 1B). These results are not strain specific, since similar
values were observed in C57BL/6 mice (data not shown).
CXCR3
+ CD4
+ T cells migrate preferentially to PerC
This observation led us to ask if CXCR3
+ CD4
+ cells
preferentially migrate to PerC. To answer this question, we sorted
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+ and CXCR3
2 CD4
+ cells from Sp of BALB/c mice and
differentially stained them with CFSE and CMTMR, respectively.
Cells were then mixed in a 1:1 ratio and injected i.v. to recipient
animals. After 18 h cells were re-isolated from different organs and
the proportion of transferred CXCR3
+ to total transferred cells
was analyzed by flow cytometry (Figure 2A). This experiment
showed that there is strong preference for CXCR3
+ cells to
migrate to PerC. In contrast, both cell populations showed a
similar homing to Sp. In the other examined organs, the
percentage of CXCR3
+ cells was below 50% of total transferred
cells. We repeated this experiment using cells sorted from PerC
and obtained similar results (Figure 2B). The results for lungs are
not shown, due to the low number of cells migrating to this organ.
The CXCR3
+ CD4
+ cell population consists almost exclusively
from memory cells defined as a CD44
high CD62L
low, whereas the
CXCR3
2 CD4
+ cell population contains both memory and naı ¨ve
cells [15]. Thus, we decided to assess if the observed phenomenon
resulted from differences in migration for these two cell
populations. To this end, we sorted memory CXCR3
+ and
CXCR3
2 CD4
+ memory cells (defined as CD44
high CD62L
low
cells) from Sp of naı ¨ve C57BL/6 animals and performed an
adoptive transfer, as previously described (Figure 2C). C57BL/6
mice were chosen for this experiment, since up-regulation of
CD44 in BALB/c mice renders this marker not useful for memory
cells identification in this strain. The obtained results confirmed
that CXCR3
+ cells preferentially migrate to the PerC. However,
we have not observed a strong migration of CXCR3
2 cells to
lymph nodes like in the previous experiments. Since migration of
naı ¨ve cells to lymph nodes but not to Sp is dependent on CD62L,
we assume that the observed differences are due to the absence of
the CD62L
high subpopulation in the CXCR3
2 cells.
Figure 1. The percentage of CXCR3
+ CD4
+ T cells is higher in
PerC than in other organs. The percentage of CXCR3
+ CD4
+ T cells in
different organs was determined by flow cytometry. (A) Cells isolated
from naı ¨ve Balb/c animals were analyzed (n=5). Each point represents
an individual animal. (B) Cells isolated from 10 to 20 naı ¨ve Balb/c
animals were pooled. Results from 8 independent experiments are
presented. Error bars indicate SEM. cLN, cervical lymph node; mLN,
mesenteric lymph node; PP, Peyer’s patches; Sp, spleen; PerC, peritoneal
cavity. (*) Statistically significant at P,0.05.
doi:10.1371/journal.pone.0018032.g001
Figure 2. CXCR3
+ CD4
+ T cells preferentially migrate to the
PerC. CXCR3
+ and CXCR3
2 CD4
+ T isolated from donor animals were
differentially labeled with CFSE or CMTMR, and mixtures containing
equal numbers of cells were injected intravenously into naı ¨ve recipients.
Eighteen hours after transfer, the ratio of transferred CXCR3
+ cells to
total transferred (CXCR3
++CXCR3
2) cells was determined in different
organs by flow cytometry. (A) CD4
+ CXCR3
+ and CD4
+CXCR3
2 T cells
isolated from Sp of donor BALB/c mice. (B) CD4
+ CXCR3
+ and CD4
+
CXCR3
2 T cells isolated from PerC of donor BALB/c mice. (C) CD4
+
CXCR3
+ CD62L
low CD44
high and CD4
+ CXCR3
2 CD62L
low CD44
high T cells
isolated from Sp of C57BL/6 donor mice. Dots represent the ratio for the
individual animals analyzed. Similar results were obtained in three
independent experiments. Horizontal lines indicate the mean for the
group, error bars correspond to the SEM. (*) Statistical significance at
P,0.001. cLN cervical lymph node; mLN, mesenteric lymph node; PP
Peyer’s patches; Sp, spleen; PerC, peritoneal cavity.
doi:10.1371/journal.pone.0018032.g002
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CD4
+ T cells
During our experiments we observed that the expression level of
CXCR3 is higher on cells isolated from PerC (Figure 3A) than on
Sp cells. There are reports showing that the PerC environment can
lead to changes in gene expression profiles [10], expression of
surface molecules and homing phenotype of B1 cells [11]. Thus,
we decided to evaluate if this is also the case for CD4
+ cells,
thereby resulting the differences in the expression levels of
CXCR3 to an imprinting occurring in the PerC. To this end,
we sorted CXCR3
+ and CXCR3
2 CD4
+ cells from BALB/c mice
and stained them with CFSE. Then, the cells were separately
injected to recipient animals by i.v. or i.p. route. After 24 h cells
were re-isolated from Sp or PerC of i.v. or i.p. injected animals,
and after re-staining they were analyzed by flow cytometry. The
obtained results showed that CXCR3 is up-regulated on CXCR3
+
cells which are exposed to the PerC environment (Figure 3B).
However, there was no statistically significant difference in
CXCR3 expression between CXCR3
2 cells isolated from Sp
and PerC (Figure 3C). We conclude that the PerC environment
increases the expression level of CXCR3 on CD4
+ cells positive for
this molecule, but it does not affect the frequency of CXCR3
+
CD4
+ cells.
The preferential migration of CD4
+ cells to PerC is not
dependent on CXCR3
To assess if the preferential migration of CD4
+ CXCR3
+ cells to
the PerC is dependent on the expression of this chemokine
receptor, we performed a competitive adoptive transfer experi-
ment in which known ligands of CXCR3 were blocked with
CXCL9, CXCL10 and CXCL11 specific antibodies. No signif-
icant differences were observed in the migration pattern of
transferred cells (Figure 4). This suggests that CXCR3 is not
directly responsible for the observed migration.
Peritoneal CD4
+ T cells preferentially re-enter the PerC
The data reported here showed that the PerC environment
leads to up-regulation of CXCR3 on CXCR3
+ cells. In addition,
previous studies demonstrated that this is also the case for the
expression of other surface molecules, which are involved in B1
cell homing [11]. Thus, we assessed if the exposition to the PerC
environment changes the migratory properties of CD4
+ cells. To
do this, we sorted CXCR3
+ CD4
+ cells from Sp and PerC of
donor mice. The cells were differentially stained with CFSE or
CMTMR, mixed in equal proportions and injected i.v. to recipient
animals. After 18 h, cells were re-isolated and the proportion of
peritoneal to total transferred cells in PerC and Sp of acceptor
animals was determined by flow cytometry (Figure 5A). This
experiment showed that there is a preferential migration of cells
exposed to PerC environment to this compartment. On the other
hand, our studies suggest that CXCR3 is not responsible for the
preferential homing to PerC. Thus, we performed this experiment
using also CXCR3
2 cells isolated from either PerC or Sp. Again,
we observed a preferential migration of cells isolated from PerC to
its origin compartment (Figure 5B). This suggests that the
imprinting of cells is taking place regardless of CXCR3 expression.
Th cells are differentially distributed
Our results showed that in comparison to other anatomic
niches, the PerC is dominated by CXCR3
+ CD4
+ cells. IFNc is
mostly produced by CXCR3
+ CD4
+ cells, thereby suggesting that
this compartment is predominantly populated by Th1 cells. To
validate this hypothesis, cells isolated from different organs were
stained for cytokines and analyzed by flow cytometry. Our
hypothesis was fully confirmed by the obtained experimental data
(Figure 6A). The proportion of IFNc secreting cells present in the
PerC is many times higher than in any other organ tested. Of
remark, the proportion of Th1 cells in the PerC is also much
Figure 3. The PerC environment results in increased expression
of CXCR3 on CD4
+ T cells. (A) The expression level of CXCR3 on CD4
+
cells from spleen (black line) or PerC (grey area) of BALB/c mice was
determined by flow cytometry. (B) CXCR3
+ and CXCR3
2 CD4
+ T cells
were sorted from Sp of donor BALB/c mice and stained with CFSE. Cells
were then adoptively transferred to naı ¨ve recipient animals by i.v or i.p.
route. After 24 h, cells were re-isolated from spleens or peritoneal
cavities and re-stained with an anti-CXCR3 antibody. The expression
level of CXCR3 on CFSE
+ cells was then analyzed by flow cytometry. The
differences were statistically significant at P,0.001 (*), n.s. – not
significant.
doi:10.1371/journal.pone.0018032.g003
Figure 4. Neutralization of CXCR3 ligands does not block
preferential migration of CXCR3
+ CD4
+ T cells to the PerC.
CXCR3
+ and CXCR3
2 CD4
+ T cells isolated from donor animals were
differentially labeled with CFSE or CMTMR, and mixtures containing
equal numbers of cells were injected intravenously into naı ¨ve recipients
pretreated with a cocktail of anti-CXCL9, anti-CXCL10 and anti-CXCL11
antibody or an appropriate isotype control. Eighteen hours after
transfer, the ratio of transferred CXCR3
+ cells to total transferred cells
was determined in different organs by flow cytometry. Dots represent
the ratio for individual animals. Horizontal lines indicate the mean for
the group, and error bars correspond to the SEM. n.s. – not significant.
Sp, spleen; PerC, peritoneal cavity.
doi:10.1371/journal.pone.0018032.g004
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We also assessed the expression of other cytokines by peritoneal
CD4
+ cells (Figure 6B and C). It was observed that the percentage
of cells expressing IL-4 or IL-17 is also higher in the PerC than in
other organs, however, the differences are not as prominent as for
IFNc.
The PerC environment increases the expression of IFNc
by CD4
+ T cells
Taking into account that exposition to the peritoneal milieu
results in changes in the expression levels of certain molecules, a
comparative evaluationof the cytokines produced by peritoneal and
Sp cells was performed. We sorted CXCR3
+ CD62L
low CD44
high,
CXCR3
2 CD62L
low CD44
high and CXCR3
2 CD62L
high CD44
low
CD4
+ cells. The levels of cytokine production were then measured
by ELISA in culture supernatants of stimulated cells (Figure 7). The
obtained results showed that, as expected, IFNc is produced by
CXCR3
+ cells, whereas IL-4 and IL-17 are mostly expressed by
CXCR3- cells. When the expression levels of the two populations
were compared, by and large cells isolated from the PerC showed
the highest expression levels.
To assess if the observed differences are related to the influence
of the peritoneal milieu, we sorted CXCR3
+ CD62L
low CD44
high,
CXCR3
2 CD62L
low CD44
high and CXCR3
2 CD62L
high
CD44
low CD4
+ T cells from Sp of naı ¨ve C57BL/6 mice. Then,
cells were stained with CFSE and subsequently transferred to
naı ¨ve recipients animals by i.v. or i.p. route. After 24 h cells were
re-isolated, re-stimulated with ionomycin, PMA and brefeldinA,
stained for IFNc, IL-4 and IL-17 production and analyzed by flow
cytometry. The obtained results showed that the percentage of
transferred cells producing a particular cytokine is always higher in
case of cells which were re-isolated from PerC than from Sp
(Figure 8 A to C).
Figure 5. Peritoneal CD4
+ T cells preferentially re-enter the
peritoneal cavity. (A) CXCR3
+ or (B) CXCR3
2 CD4
+ T cells isolated
from spleen or peritoneal cavity were differentially labeled with CFSE or
CMTMR, and mixtures containing equal numbers of cells were injected
intravenously into naı ¨ve recipients. 18 hours after transfer, the ratio of
transferred peritoneal cells to total transferred cells (peritoneal
cells+spleen cells) was determined in different organs by flow
cytometry. Similar results were obtained in three independent
experiments. Dots represent the ratio for individual animals. Horizontal
lines indicate the mean for the group, and error bars correspond to the
SEM. The differences were statistically significant at P,0.0001 (*) and
P,0.002 (**). NALT, nasal associated lymphoid tissues; cLN, cervical
lymph node; brLN, bronchial lymph node; mLN, mesenteric lymph
node; PP, Peyer’s patches; Sp, spleen; PerC, peritoneal cavity.
doi:10.1371/journal.pone.0018032.g005 Figure 6. Th cell subsets are differentially distributed in
different anatomic niches. The percentage of different Th cell
subsets in CD4
+ cell population were determined by FACS analysis in
different organs (n=5). (A) Th1 cells (IFNc secreting cells), (B) Th2 cells
(IL-4 secreting cells) and (C) Th17 cells (IL-17 secreting cells). The
differences were statistically significant at P,0.001 (*). Similar results
were obtained in 2 independent experiments. NALT, nasal associated
lymphoid tissues; cLN, cervical lymph node; brLN, bronchial lymph
nodes; mLN, mesenteric lymph node; PP, Peyer’s patches; Sp, spleen;
PerC, peritoneal cavity.
doi:10.1371/journal.pone.0018032.g006
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Our initial observation that PerC is dominated by CXCR3
+
CD4
+ cells leads us to investigate the migratory behavior of these
cells. We showed that CXCR3
+ cells under steady state conditions
migrate more efficiently to this territory than CXCR3
2 CD4
+
cells. The observed differences are not due to the memory
phenotype of CXCR3
+ lymphocytes, since these cells exhibit
preferential migration to this compartment also when compared to
CXCR3
2 memory cells. Since CXCR3 is known to be a
proinflammatory chemokine receptor and its involvement in the
migration of CD4
+ lymphocytes has been shown for many
pathological conditions, including PerC inflammation [23], we
studied if this molecule plays also a role in the orchestration of
CD4
+ T cells migration under steady state conditions. Our study
using blocking antibodies against CXCL9, CXCL10 and
CXCL11 (i.e., the known ligands of CXCR3) suggested that this
molecule is not responsible for the preferential migration of cells to
peritoneal cavity.
Previous studies have shown that the environment of the PerC
results in changes in the gene expression profiles and migratory
behavior of B cells [10,11]. It has been also shown that the
environment of other peripheral territories influences the expres-
sion profiles of T cells or DC. In our study we showed that the
PerC environment changes the migratory properties of CD4
+ cells
and that after exposure to its milieu cells preferentially migrate
back to this compartment. We also demonstrated that cells which
were exposed to this environment up-regulate CXCR3 on their
Figure 7. Peritoneal memory CD4
+ T cells produce more
cytokines than Sp derived cells. CXCR3
+ CD62L
low CD44
high,
CXCR3
2 CD62L
low CD44
high and CXCR3
2 CD62L
high CD44
low CD4
+ T
cells were sorted from Sp or PerC of C57BL/6 naı ¨ve (specific pathogen
free) mice. Then, cells were re-stimulated with ionomycin and PMA and
the expression of (A) IFNc, (B) IL-4 and (C) IL-17 was measured by ELISA.
Similar results were obtained in 2 independent experiments.
doi:10.1371/journal.pone.0018032.g007
Figure 8. The environment of the PerC results in increased
expression of IFNc by CD4
+ T cells. CXCR3
+ CD62L
low CD44
high,
CXCR3
2 CD62L
low CD44
high and CXCR3
2 CD62L
high CD44
low CD4
+ T
cells were sorted from Sp of naı ¨ve C57BL/6 mice and stained with CFSE.
Then, cells were transferred to naı ¨ve recipient animals by i.v. or i.p. rout
and re-isolated after 24 h. Cells were re-stimulated with ionomycin,
PMA and brefeldinA, stained for (A) IFNc, (B) IL-4 and (C) IL-17
production and further analyzed by flow cytometry. The percentage of
cells producing the different cytokines was subsequently determined.
Similar results were obtained in 2 independent experiments. The
differences were statistically significant at P,0.01 (*).
doi:10.1371/journal.pone.0018032.g008
Peritoneal Cavity Is Dominated by Th1 Cells
PLoS ONE | www.plosone.org 6 July 2011 | Volume 6 | Issue 7 | e18032surface. However, the changes refer only to CXCR3
+ cells and
cells which do not express this molecule do not start to express it
after exposure to the milieu of the PerC.
Since CXCR3 is considered as a Th1 marker, we assessed if the
PerC is dominated by IFNc producing cells. Indeed, around 40%
of the CD4
+ cells present in the PerC produce this cytokine. The
percentage of CD4
+ cells expressing IL-4 and IL-17 was also
higher in this compartment. However, the differences in
comparison to other organs were not as dominant as for the
PerC. It is unlikely that the observed differences are due to
differences in the proportion of memory cells in different organs,
since our analysis of cytokine production by memory and naı ¨ve
cells from Sp or PerC showed that memory cells from the PerC in
general produce more cytokines. Thus, it seems that the PerC
environment increases per se the level of expression of different
cytokines, as suggested by the adoptive transfer experiments. An
increase in IFNc production is usually observed in CXCR3
+ cells,
whereas IL-4 production is mainly enhanced in the CXCR3
2
subset. This suggests that the PerC is not changing the Th lineage,
but rather promoting an overall increase in cytokine production
levels. This interpretation of the data is fitting with the observation
that the environment of the PerC increases the level of expression
of CXCR3, but it does not induce its expression on cells which are
negative for this chemokine receptor. However, the complete
validation of this hypothesis is currently impossible, due to the lack
of perfect markers for different Th lineages. Nevertheless, the
obtained results led us to the conclusion that the observed
domination of the PerC by Th1 cells is not due to the changes in
Th lineage of cells after migration to this compartment, but rather
due to a preferential migration of these cells to this niche. These
data point to a new mechanisms for the environmental regulation
of cytokine production, namely, as a result of differences in the
migration of different Th cell subsets.
The data presented in this work bring also new light on the way
in which we are defining the Th-lineage of CD4
+ T cells.
Currently cells are assigned to different Th-lineage due to the
expression of signature cytokines. However, other factors such as
the expression of transcription factors responsible for Th-
differentiation are also taken into account. Our results show that
definition according to cytokine production is problematic, since T
cells can change their cytokine expression profiles as a result of
changes in their anatomical localization. The PerC environment
increases the expression of IFNc mostly on CXCR3
+ cells, which
are considered as a Th1 cells, whereas up-regulation of IL-4
mainly occurs in the CXCR3
2 compartment, which is considered
as a Th2 lineage. These changes do not affect naı ¨ve cells, thereby
suggesting that there is a commitment to produce particular
cytokines by activated cells. Nevertheless, this commitment does
not coerce cells to produce this cytokine, but rather confers them
this potential.
Author Contributions
Conceived and designed the experiments: BMZ CAG. Performed the
experiments: BMZ LG. Analyzed the data: BMZ. Wrote the paper: BMZ
CAG.
References
1. Sacks D, Noben-Trauth N (2002) The immunology of susceptibility and
resistance to Leishmania major in mice. Nat Rev Immunol 2: 845–858.
2. Murphy KM, Reiner SL (2002) The lineage decisions of helper T cells. Nat Rev
Immunol 2: 933–944.
3. Dong C (2008) TH17 cells in development: an updated view of their molecular
identity and genetic programming. Nat Rev Immunol 8: 337–348.
4. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, et al. (2005)
Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct
from the T helper type 1 and 2 lineages. Nat Immunol 6: 1123–1132.
5. Xu L, Kitani A, Fuss I, Strober W (2007) Cutting edge: regulatory T cells induce
CD4+CD25-Foxp3- T cells or are self-induced to become Th17 cells in the
absence of exogenous TGF-beta. J Immunol 178: 6725–6729.
6. Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, et al. (2008) Molecular
antagonism and plasticity of regulatory and inflammatory T cell programs.
Immunity 29: 44–56.
7. Kohlmeier JE, Miller SC, Woodland DL (2007) Cutting edge: Antigen is not
required for the activation and maintenance of virus-specific memory CD8+ T
cells in the lung airways. J Immunol 178: 4721–4725.
8. Masopust D, Vezys V, Wherry EJ, Barber DL, Ahmed R (2006) Cutting edge:
gut microenvironment promotes differentiation of a unique memory CD8 T cell
population. J Immunol 176: 2079–2083.
9. Takenaka S, McCormick S, Safroneeva E, Xing Z, Gauldie J (2009) Influence of
the tissue microenvironment on Toll-like receptor expression by CD11c+
antigen-presenting cells isolated from mucosal tissues. Clin Vaccine Immunol 16:
1615–1623.
10. Stoermann B, Kretschmer K, Duber S, Weiss S (2007) B-1a cells are imprinted
by the microenvironment in spleen and peritoneum. Eur J Immunol 37:
1613–1620.
11. Berberich S, Forster R, Pabst O (2007) The peritoneal micromilieu commits B
cells to home to body cavities and the small intestine. Blood 109: 4627–4634.
12. Sallusto F, Lanzavecchia A, Mackay CR (1998) Chemokines and chemokine
receptors in T-cell priming and Th1/Th2-mediated responses. Immunol Today
19: 568–574.
13. LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F, Slack EC, et al.
(2007) Syk- and CARD9-dependent coupling of innate immunity to the
induction of T helper cells that produce interleukin 17. Nat Immunol 8:
630–638.
14. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M, et al.
(2007) Surface phenotype and antigenic specificity of human interleukin 17-
producing T helper memory cells. Nat Immunol 8: 639–646.
15. Kim CH, Rott L, Kunkel EJ, Genovese MC, Andrew DP, et al. (2001) Rules of
chemokine receptor association with T cell polarization in vivo. J Clin Invest
108: 1331–1339.
16. Debes GF, Dahl ME, Mahiny AJ, Bonhagen K, Campbell DJ, et al. (2006)
Chemotactic responses of IL-4-, IL-10-, and IFN-gamma-producing CD4+ T
cells depend on tissue origin and microbial stimulus. J Immunol 176: 557–566.
17. Nakajima C, Mukai T, Yamaguchi N, Morimoto Y, Park WR, et al. (2002)
Induction of the chemokine receptor CXCR3 on TCR-stimulated T cells:
dependence on the release from persistent TCR-triggering and requirement for
IFN-gamma stimulation. Eur J Immunol 32: 1792–1801.
18. Barbi J, Oghumu S, Lezama-Davila CM, Satoskar AR (2007) IFN-gamma and
STAT1 are required for efficient induction of CXC chemokine receptor 3
(CXCR3) on CD4+ but not CD8+ T cells. Blood 110: 2215–2216.
19. Kunkel EJ, Butcher EC (2003) Plasma-cell homing. Nat Rev Immunol 3:
822–829.
20. Widney DP, Hu Y, Foreman-Wykert AK, Bui KC, Nguyen TT, et al. (2005)
CXCR3 and its ligands participate in the host response to Bordetella
bronchiseptica infection of the mouse respiratory tract but are not required
for clearance of bacteria from the lung. Infect Immun 73: 485–493.
21. Mohan K, Cordeiro E, Vaci M, McMaster C, Issekutz TB (2005) CXCR3 is
required for migration to dermal inflammation by normal and in vivo activated
T cells: differential requirements by CD4 and CD8 memory subsets.
Eur J Immunol 35: 1702–1711.
22. Hildebrandt GC, Corrion LA, Olkiewicz KM, Lu B, Lowler K, et al. (2004)
Blockade of CXCR3 receptor:ligand interactions reduces leukocyte recruitment
to the lung and the severity of experimental idiopathic pneumonia syndrome.
J Immunol 173: 2050–2059.
23. Xie JH, Nomura N, Lu M, Chen SL, Koch GE, et al. (2003) Antibody-mediated
blockade of the CXCR3 chemokine receptor results in diminished recruitment
of T helper 1 cells into sites of inflammation. J Leukoc Biol 73: 771–780.
Peritoneal Cavity Is Dominated by Th1 Cells
PLoS ONE | www.plosone.org 7 July 2011 | Volume 6 | Issue 7 | e18032